INTRODUCTION
Hemigrapsus crenulatus (H. Milne Edwards, 1837) is an intertidal crab usually mainly found in estuaries and has long been known as an endemic species in New Zealand (McLay, 1988) . The same name has been used for a crab found on the Chilean coast of South America. Milne Edwards (1837), who described this species, had access to both New Zealand and Chilean specimens; he did not indicate where the material that he studied came from and did not nominate a type specimen, so the whereabouts of the type locality of this species remains uncertain. Specimens from both sides of the Pacific Ocean have been examined by several authorities who came to different conclusions. Rathbun (1898) was the first to apply the name H. crenulatus to crabs collected from Port Otway (Puerto Barroso), Chonos Archipelago and Lota, Gulf of Arauco, Chile by the U.S. Fish Commission steamer the ''Albatross'' 1887-1888. Also Rathbun (1918) was the first to compare crabs from New Zealand (from Bay of Islands, Port Chalmers and Otago) with crabs from Chile, and she provided a description of H. crenulatus, presumably based upon crabs from both countries. In the same paper, Rathbun provided a synonymy that included Trichodactylus granarius Nicolet, 1849. This view was followed by Chilton and Bennett (1929) in their review of the New Zealand brachyuran fauna.
However, Bennett (1930) later raised the possibility that there may be two species involved and Balss, who compared crabs from Stewart Island and Chile, commented in correspondence with Bennett (1964: 81-82 ) that he agreed with him because of apparent differences in the structure of the sub-orbital stridulating ridge. Thus, Bennett and Balss believed that the Chilean species should be referred to Hemigrapsus granarius (Nicolet, 1849) .
Sometime later, Garth (1957) had the opportunity to compare a large sample from the Lund Expedition stations along the coast of Chile with specimens from Wellington, New Zealand and found that the male gonopods were identical and there were only minute differences in granulation and acuteness of anterolateral teeth. This was confirmed by Garth et al. (1967) , who examined crabs collected by the 1958-59 Royal Society Expedition to southern Chile and noted that differences between sites were no greater than variation that might be seen in any large sample. They agreed with Miss Rathbun that these JOURNAL OF CRUSTACEAN BIOLOGY, 31(4): 582-589, 2011 crabs, from opposite sides of the Pacific, belonged to the same species, H. crenulatus.
Because we now have molecular methods available that could either confirm or invalidate the use of this name across the Pacific, we have undertaken an analysis of mitochondrial 16S rRNA and COI sequences (according to Schubart et al., 2000 and Costa et al., 2007 , the two most useful loci for determining species-level differences) to answer the question: ''Was Miss Rathbun right?'' and if she was right, how can we explain this distribution and perhaps estimate how long the populations may have been separated?
The genus Hemigrapsus Dana 1851 currently includes 15 species from the Indo-Pacific, but two invasive species have been accidentally transported to the North Atlantic coasts. Two species are known from New Zealand: H. sexdentatus (Milne Edwards, 1837) as well as H. crenulatus (Milne Edwards, 1837) . The only species of Hemigrapsus on the coast of Chile is H. crenulatus. There are no reliable records of H. crenulatus on islands between New Zealand and Chile (Fig. 1) .
MATERIALS AND METHODS
Sources of Material.-The specimens (dimensions given are carapace width 3 carapace length) of H. crenulatus used in our study were freshly collected in 2008 from the Tubul Estuary, Arauco, Chile (female 29.3 3 25.2 mm, 2 males 30.7 3 26.1, 30.7 3 26.7 mm) and from the mudflats of the Avon-Heathcote Estuary, Christchurch, NZ in 2009 (female 22.3 3 20.2 mm and male 26.7 3 23.1 mm). DNA sequences of these specimens were compared with those of 20 specimens of H. crenulatus collected from 15 other locations around the New Zealand coastline in 2006-07 (Hinnendael, 2008 These DNA sequences were chosen because they were the most closely related sequences to H. crenulatus and H. sexdentatus that were available for each locus. In the case of H. hirtipes, this species comes out within the group of New Zealand varunids, even though it is currently placed in Macrophthalmidae, a matter that clearly requires further investigation (McLay, Kitaura and Wada, unpublished Garth, 1956 . Although these samples are currently preserved in ethanol, it is likely that they have previously been preserved for at least some period in formalin, and unfortunately we were unable to extract amplifiable DNA from any of these samples after repeated efforts using various protocols. The Tahitian locality of MNHN-B12830 reported by Nobili (1907, p405 ) is certainly an error: the material could be from either New Zealand or Chile since the Paris collection contains specimens from both countries. In the case of H. crenulatus, Milne Edwards did not designate a type specimen and in the case of H. granarius the ''cotypes'' that Rathbun (1918) indicated were in the ''Paris Museum'' could not be found. Thus, there is no type specimen tissue available for either of these species.
DNA Extraction.-Tissue samples of leg muscle preserved in ethanol were transported to the laboratory in Auckland for analysis. Genomic DNA was isolated from newly collected muscle samples using a phenol/chloroform method (modified from Protocol 2 in Hoelzel and Green, 1992) . A mitochondrial DNA region of , 550 base pairs from the large subunit rRNA (16S rRNA) was amplified using the universal primers 16Sar (59-CGCCTGTTTATCAAAAACAT-39) and 16Sbr (59-CCGGTCTGAACT-CAGATCACGT-39) (Palumbi, 1996) . The Polymerase Chain Reaction (PCR) was performed in a total volume of 25 ml containing reaction buffer (10 mM per primer, 5 mM dNTPs, 62.5 mM of Mg2+, 10X PCR buffer (PRCII-ABI)), .25 ml Taq Polymerase (Platinum Taq -Invitrogen) and , 20 ng of genomic DNA. PCR conditions were 180 s at 94uC, 35 cycles of 30 s at 94uC, 60 s at 50uC, and 60 s at 72uC (denaturing/annealing/ extension), followed by a final extension of 180 s at 72uC. A mitochondrial COI fragment of , 700 base pairs was amplified using the universal primers LCO1490 and HCO2198 (Folmer et al., 1994) . The PCR reaction buffer was the same as for 16S and the conditions were 180 s at 94uC, 35 cycles of 30 s at 94uC, 60 s at 55uC, and 60 s at 72uC (denaturing/ annealing/extension), followed by a final extension of 180 s at 72uC. PCR products were purified by the SapEx technique (Werle et al., 1994) using shrimp alkaline phosphatase (SAP) and exonuclease I (exo I) to remove excess primers and nucleotides. Cycle sequencing was performed according to the ABI protocol using 1/8 Big Dye reactions. The CleanSEQ (Agencourt) magnetic bead method was used to purify extension products. Sequencing electrophoresis was undertaken on an automated ABI prism 3100 DNA sequencer. DNA sequences of approximately 530 bp were derived from the 16S fragments, and approximately 660 bp from the COI fragments.
Phylogenetic Analysis.-All sequences were BLASTed against the GenBank database to confirm their origin as brachyuran mtDNA. The sequences were aligned using Clustal version 1.81 (Thompson et al., 1997) within the Geneious sequence analysis package (Drummond et al., 2010) . We believe that these procedures are adequate for the present situation. Phylogenetic trees were constructed using the neighbour joining (NJ) method (Saitou and Nei, 1987) using 2000 bootstrap replications. Distances were estimated using the Kimura two-parameter (K2P) method (Kimura, 1980) . Phylogenetic analysis was performed using MEGA version 4.0 (Tamura et al., 2007) and Geneious, with all COI codon positions included and all 16S rRNA eliminated from the datasets.
RESULTS

Morphological Comparison
In overall appearance there are no marked differences between H. crenulatus from New Zealand and Chile, except that the colour of the New Zealand crabs is basically various shades of green while those from Chile are various shades of brown. Both males and females from New Zealand and Chile have the same pattern of pale spots marking the cervical areas and curving posteriorly towards the gastro-cardiac region (see Figs. 2A, B and 3A, B) . Male pereiopods are more setose than those of females, particularly the chelipeds which bear thick patches of setae on their inner surface. Males have relatively larger chelipeds than females, more inflated and with stouter fingers (see Figs. 4A, B and 5A, B) . Females have a line of small granules along the outer lower margin of the cheliped propodus that almost reaches the tip of the fixed finger. In males this line is only faintly evident. The sub-orbital ridge is also sexually dimorphic: in males the medial third of the ridge is minutely granular, the middle third is a continuous blunt ridge and the lateral third is marked by 3-4 widely spaced large tubercules, while in females there is a horizontal line of 16-17 tiny granules, all similar in size running laterally from the epistome corners (see Figs. 6A, B and 7A, B) . In males the sub-orbital ridge should be called the ''stridulating ridge'' because there is a plectrum, on a flange on the distal inferior margin of the cheliped merus, consisting of an acute corneous ridge that engages the sub-orbital ridge when the cheliped is held against the pterygostomial area. There is no plectrum in females. The stridulating mechanism is present in males, but absent from females in both New Zealand and Chile (Figs. 8A, B and  9A, B) . For the characters examined, we conclude that, apart from colour, which may be explained by differences in diet, there are no morphological differences between populations on either side of the Pacific that exceed variation seen within either population.
Molecular Comparison
The 16S tree (Fig. 10) shows there is no variation within H. crenulatus for this locus (as is also the case for H. sexdentatus, see Hinnendael, 2008) , but that there is clear species separation between H. crenulatus and each of the most closely related species, including another New Zealand varunid species, H. sexdentatus. Most other varunid species so far sequenced for 16S can be distinguished at this locus (Lavery, unpublished).
The COI tree (Fig. 11) shows that the Chile specimens have identical sequences, that differ only very slightly from the range of sequences found among all New Zealand specimens so far described (only 3 fixed base differences out of , 660, or 0.4%). The variation between H. crenulatus from either side of the Pacific is no greater than that found within New Zealand H. crenulatus (0.45%) or H. sexdentatus (0.48%).
We conclude that these molecular characters, which distinguish all other varunid species, suggest that the Chilean H. crenulatus are clearly conspecific with the New Zealand H. crenulatus. Although the sample size from Chile is small, it appears clear that the Chile population has comparatively low diversity, and may have gone through a bottleneck due to a single colonisation event from New Zealand. As the Chilean haplotypes are not very diverged or diverse this colonisation event is likely to have been quite recent. Using the divergence of 0.4%, and an estimated mean rate of COI sequence divergence in crustaceans of between 1.4% (Knowlton and Weigt, 1998) and 3.1% per million years (Wares, 2001 ) provides an initial estimate of between 129,000 and 286,000 years before present.
DISCUSSION
Habitat and Biology Comparison of H. crenulatus in New
Zealand and Chile New Zealand has a climate that ranges from sub-tropical in the far north to cool temperate in the south (see Fig. 1 ). H. crenulatus occurs over the entire length of mainland NZ from Parengarenga Harbour (34u319S) to Stewart Island (47u029S). It is found in a variety of habitats: under stones, burrowing in sand, mud, clay, or earth, on sheltered marine (rare) or estuarine (very common) shores where it is found in the upper littoral (but not as high as Cyclograpsus spp.) to sub-tidal depths (exact lower limit is uncertain). It occupies much the same habitat as Austrohelice crassa (McLay, 1988 ). In muddy estuaries, H. crenulatus can survive in salinities from 42 ppt down to 10-12 ppt and water temperatures from 6u to 23uC (Hicks, 1973) . Maximum sizes are 37.5 mm CW for males and 26 mm CW for females with the smallest ovigerous female 9 mm CW (McLay, 1988) . In the Avon-Heathcote Estuary Clark (1987) found ovigerous females over 8-9 months, June to February, with females producing up to 2 broods of eggs (around 0.31 mm diam.) containing 1500-35,000 depending upon female size. Larvae pass through 5 zoeal stages before settling (Wear and Fielder, 1985) . In Chile, H. crenulatus is distributed along the coast from Arica in the north (18uS) to the Estrecho de Magallanes in the south (53uS) (Retamal, 1981 ) (see Fig. 1 ). It is found under stones or on pilings in the sea and occasionally down to 11 m (Garth, 1957) . It is also found near sheltered rocks at river mouths (Garth et al., 1967; Riquelme-Bugueño, 2006) . The intertidal distribution recorded by Brattstrom (1990) in northern Chile showed that H. crenulatus occurs under stones from the supralittoral down to the infralittoral on sheltered to ''fairly exposed'' shores. In the estuary of the river Lenga (36u459S) the salinity-temperature regime where H. crenulatus lives is 21 to 33 ppt and 12u to 22uC. Garth (1957) gives maximum sizes as 40 mm CW for males, 25.2 mm CW for females and 8.8 mm CW for the smallest ovigerous female.
Comparing the habitats in which H. crenulatus is found: in New Zealand the only available coast-line lies in a 13u latitudinal range from 34uS to 47u, which may not portray the range over which it can live because on the Chilean coast H. crenulatus is found over a 35u range from 18u to 53u that now indicates it can live in warmer and colder temperatures than it does in New Zealand. Although both crab populations live in similar estuarine-marine circumstances, the data suggest that in Chile H. crenulatus lives in more exposed habitats than it does in New Zealand. This may be because in New Zealand H. sexdentatus occupies the more exposed sites, but this species is not present in Chile. In colonizing the coast of South America, H. crenulatus may well have expanded the range of habitats that it can live in because competing species are not present. 
Shared Parasites
H. crenulatus from New Zealand and Chile share at least one species of parasite. In New Zealand, H. crenulatus is an intermediate host for two species of acanthocephalan parasites, Profilicollis antarcticus and P. novaezelandiae (Brockerhoff and Smales, 2002) . Cystacanths of both species are found in the haemocoel of around 26% of H. crenulatus and several other crab hosts. Profilicollis antarcticus is also found in the same host (49% prevalence) from the coast of Chile (Pulgar et al., 1995; Haye and Ojeda, 1998; Rojas and Ojeda, 2005) . The main effect of the parasite is to modify the behaviour of the intermediate host so as to enhance the chances of it being passed on to the definitive host. In New Zealand, the definitive host is an oystercatcher (Hematopus ostralegus finschi), whereas in Chile the host is a gull (Larus dominicanus). The fact that H. crenulatus shares a parasite is likely more a reflection of spread by the definitive host than by the intermediate host.
''Stridulatory Ridge'' On the basis that H. crenulatus seemed to occupy a wide range of habitats in New Zealand, Bennett (1930) questioned Rathbun's (1918) opinion about the identity of the crabs from both sides of the Pacific being the same. Later Balss [in Bennett (1964: 81-82) ] was of the opinion that the Chilean crabs should be known as H. granarius (Nicolet, 1849) because of differences (unspecified) in the sub-orbital stridulatory ridge. However, the confusion may well have been a result of the sexual dimorphism that we have shown herein. Rathbun (1918) fully and accurately describes the dimorphism of the ''stridulating ridge'' and the male plectrum, her only error is to imply that the corneous plectrum on the arm is found in females as well as males, but it is only found in males. So if there is any ''stridulating'' going on it does not occur in females. Although Dana (1851) did not include it as part of the generic definition, Rathbun (1918: 264) also went as far as to incorporate the stridulating mechanism into the generic definition of Hemigrapsus without saying that it only occurred in males. Thus we suggest that Balss' argument for separate identities is without foundation. It should be noted that although the sub-orbital ridge has been referred to as a ''stridulatory ridge'' no one has ever recorded any sounds that might be made by rubbing the cheliped against the ridge.
Connections Across the Pacific
We conclude from the evidence presented here that Miss Rathbun was indeed right when she argued that H. crenulatus from New Zealand and Chile are the same species, but this poses a major challenge to explain how this might have come about. The west wind drift (WWD) generates ocean currents that flow eastward across the Pacific from New Zealand to South America. Recently, dispersal involving rafting on floating brown seaweeds has proved to be the best explanation for biogeographic patterns of some Mollusca, Crustacea, and Echinodermata: genetic analyses of phylogeography support these explanations (Waters, 2008) . In the present case, there is a problem with the suggestion that dispersal was by crabs riding on floating kelp such as Macrocystis and Durvillaea: H. crenulatus and these brown seaweeds live in different habitats, the crab resides mainly in estuaries and on sheltered shores while the kelps live in high energy habitats exposed to wave action. H. crenulatus is never found as part of the holdfast fauna so it is unlikely that the two could team up for an ocean crossing.
An alternative explanation is that colonization occurred during a glacial period when sea levels were much lower, making it easier for the species to island-hop across the Pacific during the larval stage. The development of H. crenulatus includes five zoeal stages and a megalopa (Wear and Fielder, 1985) . Estimates of the velocity of the current Fig. 11 . COI phylogenetic tree showing relationships between Hemigrapsus crenulatus (Hcre) specimens from four localities around New Zealand (NZ) and Chile, and similar diversity within related H. sexdentatus (Hsex) from ten sites around New Zealand. [The sequence divergence between specimens of H. crenulatus from NZ and those from Chile is no greater than that found among NZ specimens of either H. crenulatus or H. sexdentatus.] Fig. 10 . The 16S rRNA NJ phylogenetic tree showing lack of variation in Hemigrapsus crenulatus specimens from New Zealand and Chile, and relationships with some closely related New Zealand varunids. [All specimens of Hemigrapsus shown here were also sequenced for COI and appear in Fig. 10 , except Hcre Chile1 (which provided a poor quality sequence) and the HcreNZ AB440187 from GenBank.] produced by the WWD range from 0.6-1.3 km per h (Thiel and Gutow, 2005) so assuming 1 km per h (24 km per day) it would take around 370 days or 1 year to cover the 8900 km between New Zealand and the coast Chile. Larvae taking 4-6 wks to develop (depending on temperature) could cover 670-1000 km in that time. If larval dispersal was the only means of dispersal then it would take 9-13 generations, each at an island stopover, to bridge the gap.
The low level of COI differentiation suggests a recent colonization that could be linked to glacial events, but uncertainty about whether there would be enough islands exposed at lower sea levels to support such a hypothesis could make this an unlikely proposition. (See Neall and Trewick, 2008 for an analysis of the age and origin of Pacific Islands.) It would likely rely on a potential concurrent increase in the speed of the WWD during glacial periods.
Two other grapsoid crabs are known from both New Zealand and Chile: Leptograpsus variegatus (Fabricius, 1793) , which lives high in the marine rocky intertidal, above mid-tide level and Plagusia chabrus (Linnaeus, 1758) , which lives below mid-tide level (Griffin, 1973) . There is no morphological evidence to suggest the transPacific populations of either of these species are distinct. Molecular methods have not yet been applied to confirm the conspecific status of New Zealand and Chile populations of P. chabrus. Comparison of the single 16S sequence of a specimen of L. variegatus from Chile available on GenBank with two specimens from New Zealand reveals a single nucleotide difference from 413 bp, supporting (but not confirming) conspecific status. Gene flow in L. variegatus could be facilitated by the presence of this species, en route to South America, at Rapa Island, French Polynesia, and Easter Island (Poupin, 1996 (Poupin, , 2003 . Plagusia chabrus has as many as 12 zoeal stages and adults cling to floating objects so are easily transported thereby maintaining dispersal and gene flow between populations. Leptograpsus variegatus on the other hand probably only has 5 zoeal stages (Wear and Fielder, 1985) , but is not found clinging to flotsam or floating structures such as jelly fish and oil rigs. It is primarily an air-breathing crab and that tolerates long periods of aerial exposure. Hemigrapsus crenulatus has the same number of zoeal stages as L. variegatus, so there must be other factors involved in the explanation of their distribution. While adults of these two species have not been found on floating objects the megalopa stage may be important. Shanks (1985) found that megalopae of Pachygrapsus crassipes Randall, 1840 clung to floating objects thereby hitch-hiking to a new destination. Thus, while the distribution and gene flow in P. chabrus can be accounted for, the explanation for L. variegatus, and H. crenulatus remains an open question. There is no doubt more than one explanation of how grapsoid crabs spread and radiated in the circum-subantarctic ocean.
